We show that a number of transport properties in topological insulator (TI) Bi 2 Se 3 exhibit striking thickness-dependences over a range of up to five orders of thickness (3 nm -170 µm). Volume carrier density decreased with thickness, presumably due to diffusion-limited formation of selenium vacancies. Mobility increased linearly with thickness in the thin film regime and saturated in the thick limit. The weak anti-
Over the past few years, topological insulators (TI) have emerged as a new platform for coherent spin-polarized electronics. TIs are predicted to have an insulating bulk state and spin-momentum-locked metallic surface states [1] [2] [3] [4] [5] [6] [7] [8] [9] . This spin-momentum-locking mechanism and their band structure topology are predicted to prevent the surface metallic states from being localized due to backscattering. Among the TIs discovered so far, Bi 2 Se 3 is considered the most promising due to its near-ideal surface-band structure [7] , and its predicted surface states have been confirmed by a number of surface-sensitive probes [5] [6] [10] [11] [12] . However, transport properties in this material have been far from the theoretical prediction of metallic surface states with insulating bulk states; instead, the bulk state has always turned out to be metallic and dominated the total conductance [12] [13] [14] . Considering that the bulk and surface transport properties should exhibit very different thicknessdependences, thickness-dependent transport studies can provide insights on both the bulk and surface states. Here we undertook extensive thickness-dependent studies of the transport properties in Bi 2 Se 3 covering up to five orders of sample thickness, from which we made a number of critical findings that have been hidden in previous studies of Bi 2 [14] [15] . In order to solve this problem,
we developed a two-step growth scheme and obtained high-quality second-phase-free Bi 2 Se 3 films on Si substrates with atomically sharp interfaces [16] . Such an atomicallysharp interface is crucial for reliable thickness-dependent studies for very thin samples. A cross-section TEM image of a Bi 2 Se 3 film in Fig. 1(a) shows an atomically sharp interface between the film and the Si substrate. The sharp reflection high energy electron diffraction (RHEED) pattern in the inset represents the high crystallinity of the Bi 2 Se 3 film. The transport measurements were carried out with the standard van der Pauw method with indium contacts on four square corners in a cryostat with magnetic field up to 9 T and a base temperature of 1.5 K; measurement errors due to the contact geometry are estimated to be less than 10%. For all films except for 3 QL, the R vs. T curves in Fig. 2(a) showed metallic behaviour at high temperature, but as the temperature dropped below 30 K the resistance tended to increase slightly either due to strong electron-electron interaction in the 2D limit [17] or due to an impurity band in the bulk [18] . The following measurements were all taken at a fixed temperature of 1.5 K with each sample exposed to air for less than 4 20 minutes to minimize air contamination; at this temperature, the undoped Si substrates were completely insulating and did not contribute to the transport measurements.
It is well known that the mobility of conventional thin films depends on the film thickness as µ(t) = µ  /(1+2(λ/t)(1-p)), where µ  is the mobility of the film when the thickness, t, is much larger than the mean free path, λ, with p representing the fraction of carriers reflecting specularly from the surface [19] ; this mobility drop originates from the reduction in the effective mean free path caused by diffuse scattering from the surfaces. [18] , and surprisingly these data points fell on the same curve, extending the trend up to five orders of thickness (3 nm -170 µm) with 2x10 17 cm -3 for 170 µm thick single crystal [18] . Considering that two completely different sample formation processes, one through MBE growth and the other through peeling of bulk samples [18] , result in the same thickness-dependence suggests some fundamental mechanism behind this anomalous thickness-dependence of the carrier densities. Another view of this anomaly is through the thickness-dependence of the sheet carrier density. If we assume constant bulk volume carrier density (n bv ) and constant surface carrier density (n s ), the total sheet carrier density (n sheet ) should scale linearly with the sample thickness (t) such that n sheet = n s + n bv t. In Fig. 2(d) , the theoretical curve with n s = 2x10 13 cm -2 and n bv = 1x10 18 cm -3 was plotted for comparison with the experimental data.
The observed data can in no way be explained by this simple model, and instead the total sheet carrier density scales as t 0.5 . This implies that the bulk volume carrier density is not constant but varies monotonically with its thickness over five orders of magnitude.
Considering that either the TI surface state [20] or the surface band-bending effect [23] can never extend more than tens of nanometers while the observed anomaly extends far beyond the micrometer scale, associating this observation with such an electronic mechanism seems unphysical. Because the volume carrier density mainly originates from the selenium vacancies [24] , this observation nominally implies that the volume density of selenium vacancies gradually increases as samples get thinner. The formation of selenium vacancies 6 through diffusion seems to continuously occur even at room temperature, as confirmed by other group with X-ray photoelectron spectroscopy [25] . These observations suggest that formation of selenium vacancies in Bi 2 Se 3 is thermodynamically favourable at room temperature, yet it occurs through a slow diffusion process, which is inevitably thicknessdependent. This also implies that the measured carrier density of a sample depends on the time between sample fabrication and measurement, and so in order to maintain consistency, almost all samples reported here were measured on the day they were fabricated. In other words, the exact thickness dependence of the carrier densities, especially in the thin limit, may depend on when they are measured.
The magneto-resistance (MR) measurements provide another means to probe the TI properties. In Figs. 3(a)-(b), the MR, defined as (R(B)-R(0))/R(0), in the high field regime
is dominated by the parabola-like (B 2 ) dependence originating from the Lorentzian deflection of carriers under perpendicular magnetic field [26] (recall that the electron executes cyclotron orbits, thereby shortening the mean-free-path, and thus increasing the resistance). The fact that this B 2 -dependence is more pronounced in thicker samples suggests that it is a bulk-dominated effect.
In the low field regime (<0.5 T) for thinner samples, the magneto-conductance (MC), as shown in Fig. 4(a) , decreases sharply as the magnetic field is increased, which is typical of the weak anti-localization (WAL) effect [27] [28] . This WAL effect is the result of the strong spin-orbit coupling, which puts backscattering at the minimum when there is no magnetic field, due to the time-reversal symmetry. As magnetic field increases, thus any contribution from the surface states. The other is that the surface states contribute but they couple strongly with the metallic bulk state and behave together as a single 2D system.
We will show below that the thickness-dependence analysis of l  supports the latter. The WAL signal became too small to be of quantitative relevance as the thickness increased beyond 100 QL, but the spike in ΔG was still visible up to 3,600 QL as shown in the inset of Fig. 3(b) , suggesting the robustness of the WAL effect. Below 5 QL, the WAL behaviour significantly degrades as the oppositely spin-polarized top and bottom surfaces start to couple strongly through quantum tunnelling [20] [21] [22] .
Figure 4(c) shows that the phase coherence length l  scales as t 0.7 . If the WAL effect originated entirely from the geometrically-confined bulk state of the film without any surface state contribution, then l  should scale linearly with thickness in the thin film limit, just as the bulk-dominated mobility -a quantity proportional to a mean free path -8 presented in Fig. 2 (b) scales almost linearly with the thickness over 5 -100 QL. Therefore, the sublinear thickness-dependence of l  suggests that there should be a surface state contribution to the WAL signal and that the observed single channel effect must be due to strong coupling between the surface and bulk states. Now if the bulk of the film were insulating, then l  , being a surface property, had to be independent of the thickness-the surfaces should not change when the thickness changes. However, with conducting bulk states, the surfaces and bulk can interact with one another and lead to a thickness-dependent scattering mechanism. In other words, the thickness-dependent coherence length is a natural result of the metallic bulk states. According to this analysis, the thickness dependence of l  , denoted by  in l   t  , could be used as a figure-of-merit to tell how close certain TI materials are to an ideal TI;  should be zero for an ideal TI with the insulating bulk state, one for a topologically-trivial strongly spin-orbit-coupled metal, and between zero and one for a non-ideal TI with the metallic bulk state, approaching zero as the material gets closer to an ideal TI.
In summary, extensive thickness-dependent studies of the Bi 2 Se 3 transport properties have led to a number of unexpected findings. The volume carrier density, which is commonly assumed to be thickness-independent, decreased by more than two orders of magnitude over five orders of thickness, suggesting that selenium diffusion is highly thickness-dependent and active even at room temperature. The mobility increased linearly with thickness in the thin film regime and saturated as the samples got thicker, suggesting that the surface scattering effect limits the mean free path in the thin limit. The WAL effect was dominated by a single 2D channel over two decades of thickness. The sublinear 
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